ABSTRACT: Materials like CdTe, CdZnTe, Cd 0.8 Zn 0.2 Te and ZnTe are suitable photoconductors for direct conversion digital flat panel x-ray image detectors. The x-ray induced primary electrons inside photoconductor's bulk comprise the initial signal that propagates and forms the final signal (image) on detector's electrodes. An already developed Monte Carlo model that simulates the primary electron generation in photoconducting materials, such as those mentioned above, has been used to study the arithmetics of fluorescent photons, escaping photons and primary electrons in these materials in the mammographic energy range. In this way insights are gained concerning the primitive stage of signal formation that lead to the investigation of the factors that affect the primary electron generation. It was found that for the typical photoconductor thicknesses (300-1000 µm): (i) in all materials and incident energies the escaping of primary photons is negligible and does not influence the number of primary electrons, (ii) the overwhelming majority of escaping photons is backwards escaping fluorescent photons, (iii) the number of primary electrons increases at energies higher than Cd and Te K-edges where the fluorescent photon escaping decreases and their absorption is followed by long atomic deexcitation cascades and (iv) ZnTe has the maximum number of primary electrons produced for energies between 16 and 26 keV while CdTe for higher energies.
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Introduction
The primary electrons released inside the photoconducting layer of direct conversion digital flat panel x-ray image detectors comprise the primary signal which propagates in the material and forms the final signal (image) on detector's electrodes. Consequently, the characteristics of the mammographic image strongly depend on the characteristics of the primary electrons. Distributions of primary electrons such as energy, angular and spatial distributions have been studied with the development of a Monte Carlo model that simulates the primary electron production inside suitable photoconducting materials such as a-Se, a-As 2 Se 3 , GaSe, GaAs, Ge, CdTe, CdZnTe, Cd 0.8 Zn 0.2 Te, ZnTe, PbO, TlBr, PbI 2 and HgI 2 [1, 2] .
Using this model, in this paper the arithmetics of: (i) fluorescent photons, (ii) forwards and backwards escaping primary and fluorescent photons and (iii) primary electrons are being investigated for the case of CdTe, CdZnTe, Cd 0.8 Zn 0.2 Te and ZnTe, for monoenergetic x-ray spectra in the mammographic energy range. Thus, insights are gained concerning the primitive stage of signal formation that lead to the investigation of the factors that affect the primary electron generation.
Materials and method
In this section a brief description of the model together with some properties of the materials considered are given.
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Method
The primary electron generation model simulates the primary electron production from x-raymatter interactions (incoherent scattering, photoelectric absorption) as well as due to atomic deexcitation (fluorescent photon production, Auger and Coster-Kronig (CK) electron emission) inside the photoconducting materials mentioned above [1, 2] . It is based on a validated model developed by Spyrou et al. [3] that simulates the x-ray energy spectrum sampling as well as the x-ray photon interactions.
In incoherent scattering, the energy as well as the direction of the recoil electron are determined from the energy of the initial photon and the polar angle of the scattered photon. In the photoelectric absorption, the molecular photoelectric cross section of a compound material is evaluated as the weighted sum of the photoelectric cross sections of the atomic constituents (additivity approximation). During the production of the photoelectron, it has been assumed that photons with energies hν ≤1.434 keV, which is the binding energy of Se L III subshell, are not taken into account in the simulation process. For all the elements except for the heavy ones (Hg, Tl, Pb) in order to determine the shell (or subshell) from which the photoelectron is ejected the following formulation has been adopted:
i. If hν > B K , where B K is the binding energy of the K-shell, the photon is absorbed by the K-shell, ejecting a photoelectron with energy E e = hν-B K .
ii. If B LIII < hν ≤B K , the photon is absorbed by the L III subshell (representing the L-shell), ejecting a photoelectron with energy E e = hν-B LIII .
iii. If 1.434 keV<hν ≤B LIII , as it can be the case for Br, Cd, Te and I that have L III binding energies 1.550 keV, 3.538 keV, 4.341 keV and 4.557 keV respectively, the photon is absorbed by an outer shell (M, N), ejecting a photoelectron with energy E e =hν.
In the case of the heavy elements, the shell that absorbs the photon is determined by Monte Carlo sampling of the subshells photoelectric cross sections. After the subshell 's' selection, a photoelectron is ejected from that subshell with energy E e =hν-B s for L and M-shells, and with energy E e =hν for N and O outer shells. The direction of the photoelectron is sampled from the equation of Davisson and Evans [4] . Only the deexcitation of K and L-shells has been considered. In particular, the deexcitation of L-shell in Ga, As, Ge and Zn has been disregarded due to the fact that the energy released is lower than 1.434 keV. For the rest of the elements the L-shell deexcitation has been taken into account. Therefore, the atomic deexcitation cascade is simulated until the vacancies have migrated to M and outer shells or until the deexcitation energy has fallen down the considered threshold of 1.434 keV. The K-shell releases its excitation energy as follows:
i. Emission of a K-fluorescence photon, with probability PF=F K ω K , where F K is the fraction of the photoelectric cross section contributed by K-shell electrons and ω K is the Kfluorescent yield.
ii. Emission of an Auger electron, with probability PA=1-PF. Since these two phenomena are complementary (PF+PA=1), the type of atom's secondary interaction is determined by a Monte Carlo decision, based on the probabilities PF and PA. The type of L-shell's deexcitation mechanism (fluorescence, Auger and CK electron emission) is determined by a Monte Carlo decision based on the fluorescence, Auger and CK yields. When the atom's deexcitation mechanism is determined, a random decision on the particular atomic transition that occurs is made based on the atomic transition probabilities. The energy of emitted fluorescent photons, Auger and CK electrons is calculated from the difference between the binding energies of the shells that are involved in the particular transition while their direction is determined by sampling the isotropic distribution.
Materials
In table 1 some of the material properties of CdTe, CdZnTe, Cd 0.8 Zn 0.2 Te and ZnTe are presented. In the table, E g is the energy gap, W ± is the average energy required to create a free electron-hole pair and ρ is the density.
Results and discussion
To obtain the desired results 39 monoenergetic x-ray spectra with energies between 2 and 40 keV have been used, along with 10 7 x-ray photons which are incident at the center of a detector with dimensions 10 cm width, 10 cm length and 1 mm thickness, consisting of the already mentioned set of materials. The choice of 1 mm thickness of the photoconductors was made so that the percentage of both primary and fluorescent photons that escape forwards to be negligible, since primary and fluorescent photons are the major sources of primary electron production. Actually, it has been found that in the four materials the majority of primary electrons is produced within the first 300 µm from detector's surface. Therefore, since the typical thicknesses of the photoconductors in direct conversion digital flat panel x-ray image detectors range between 300 µm and 1000 µm, the obtained results adequately describe the primary signal formation stage for the practical thicknesses.
Escaping primary photons
In figure 1 the energy-related number distributions of primary photons that escape forwards and backwards in CdZnTe are shown as a characteristic example. The dips, for example at 27 keV, are due to the absorption edges. In all materials and energies, primary photons escape almost entirely backwards whereas their number increases with energy due to the increase in the probability of scattering. Nevertheless, the escaping percentage is negligible (less than 1%) and hence the escaping primary photons have no effect on primary signal generation.
Fluorescent photons produced
In figure 2(a) the energy-related number distribution of fluorescent photons produced in CdTe is shown as a characteristic example. The distributions make jumps at the absorption edges due to the atomic deexcitation. It is shown that there is a slight but gradual increase in the number of fluorescent photons produced at energies higher than Cd and Te K-edges because the probability of a photon to be absorbed from these shells increases, whereas this absorption is followed by long atomic deexcitation cascades that yield a large number of fluorescent photons. For comparison reasons, figure 2(b) presents the summary graph of fluorescent photons produced in the four materials.
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Escaping fluorescent photons
Escaping primary and fluorescent photons
In figure 4 (a) the energy-related number distributions of escaping primary and fluorescent photons in ZnTe are shown as a characteristic example. In all materials and incident energies, the majority 
Primary electrons produced
In figure 5 (a) the energy-related number distribution of primary electrons produced in CdZnTe is shown as a characteristic example. The distributions make jumps at the absorption edges due to the primary photon absorption and the atomic deexcitation. It is shown that at energies higher than Cd and Te K-edges, for example at E≥27 keV in CdZnTe, the number of electrons increases with energy. This is due to the fact that: (i) the escaping of fluorescent photons decreases and (ii) the absorption of fluorescent photons is followed by long atomic deexcitation cascades that yield a large number of electrons. At lower energies though, for example in the energy range 10-26 keV in CdZnTe, despite the fact that there is also a decrease in the escaping of fluorescent photons, yet their absorption is followed by short atomic deexcitation cascades and therefore the number of electrons is not affected. Figure 5 (b) summarizes the energy-related number distributions of primary electrons produced in the four photoconductors. Table 2 presents the materials with the minimum and maximum number of fluorescent photons, escaping photons and primary electrons for the practical mammographic energy range (16 keV≤E≤40 keV). It is worth noticing that ZnTe has the maximum number of primary electrons produced in 16-26 keV energy range while CdTe for higher energies. This means that ZnTe has the most amplified initial signal for mammographic spectra in which the majority of photons have energies between 16 and 26 keV while CdTe has the most amplified signal for spectra with the majority of photons at higher energies. 
Summary table
Conclusions
An already developed Monte Carlo model that simulates the primary electron production inside suitable photoconducting materials was used to study the arithmetics of fluorescent photons, escaping photons and primary electrons in CdTe, CdZnTe, Cd 0.8 Zn 0.2 Te and ZnTe, for monoenergetic x-ray spectra in the mammographic energy range. In this way insights were gained concerning the primitive stage of signal formation that led to the investigation of the factors that affect the primary electron generation. It was found that at the stage of primary signal formation and for the typical photoconductor thicknesses (300-1000 µm): (i) in all materials and incident energies the escaping of primary photons is negligible and does not influence the number of primary electrons, (ii) the overwhelming majority of escaping photons is backwards escaping fluorescent photons, (iii) the number of primary electrons increases at energies higher than Cd and Te K-edges where the fluorescent photon escaping decreases and their absorption is followed by long atomic deexcitation cascades and (iv) ZnTe has the maximum number of primary electrons produced in 16-26 keV energy range while CdTe for higher energies which means that ZnTe has the most amplified initial signal for mammographic spectra in which the majority of photons have energies between 16 and 26 keV while CdTe has the most amplified signal for spectra with the majority of photons at higher energies.
